Single-phase, brushless DC (BLDC) motors have unequal air-gaps to eliminate the dead-point where the developed torque is zero. Unfortunately, these unequal air-gaps can deteriorate the motor characteristics in the cogging torque. This paper proposes a novel design for a single-phase BLDC motor with an asymmetric notch to solve this problem. In the design method, the asymmetric notches were placed on the stator pole face, which affects the change in permanent magnet shape or the residual flux density of the permanent magnet. Parametric analysis was performed to determine the optimal size and position of the asymmetric notch to reduce the cogging torque. Finite element analysis (FEA) was used to calculate the cogging torque. A more than 28% lower cogging torque compared to the initial model with no notch was achieved.
Introduction
Single-phase brushless DC (BLDC) motors are used widely in blowers for ventilation systems and home appliances because of their high efficiency and cost effectiveness. Single-phase BLDC motors with a uniform airgap make them inherently non-self starting because of their coincident zero torque positions of excitation. Therefore, single-phase BLDC motors adopt asymmetric airgaps to make them self starting [1] [2] [3] . On the other hand, such an asymmetric air-gap can contribute to cogging torque [4] [5] [6] .
The conventional methods for reducing the cogging torque of single-phase BLDC motors include the length change of the air-gap, PM asymmetry arrangement, skew of the stator or rotor and shape change of the stator teeth. Some papers reported reductions in the cogging torque for single-phase BLDC motors by varying the air-gap profile, considering the tapered teeth and the trailing edge of teeth [7, 8] .
Some approaches have proposed the analytical model capable of predicting the cogging torque [9] [10] [11] and changing the design parameter such as teeth notching [12, 13] for symmetric air-gap. The analytical methods are effective to find the parameters quickly for reducing cogging torque. However, the analytical methods are not suitable to accurately predict the cogging torque for such single-phase BLDC motors with asymmetric air-gaps. This paper reports a novel cogging torque reduction method that applies size and asymmetric position variations of the notches to the tapered teeth of a stator in a single-phase BLDC motor for a fan of ventilation system, as shown in Fig. 1 . Finite-element analysis (FEA) was used to calculate the cogging torque. Parametric analysis using FEA was performed to determine the optimal size and position of the asymmetric notches to reduce the cogging torque. This proposed stator shape with an asymmetric position notch was compared with the initial model, and the measured performance of the cogging torque was analyzed.
Analytical Expression for Cogging Torque
The cogging torque is the amount of energy variation according to the amount of rotor rotation and can be expressed as Eq. (1) [9] [10] [11] [12] [13] .
(1) where W is the magnetic energy of the machine and α is the position angle of the rotor.
For the surface permanent magnet type of BLDC, most of the energy change occurs on the air-gap part. Therefore, only the energy on the air-gap part is considered when calculating the cogging torque. The air-gap energy is calculated from the air-gap magnetomotive force function, F(θ, α), and air-gap permeance function P(θ) according to Eq. (2) (2) where the air-gap magnetomotive force function and the air-gap permeance function can be expressed as follows:
where g is the air-gap length. The air-gap energy can be calculated again as follows: (5) where B, G, R m and R s are the flux density, relative air-gap permeance function, inner radius of the rotor and inner radius of the stator, respectively. B(θ, α) 2 and G(θ) 2 can be calculated through a Fourier series expansion used in Eq. (5) on an even function as follows:
where N p is the number of rotor poles and N s the number of stator slots.
The air-gap energy obtained by substituting Eqs. (6) and (7) for Eq. (5) can be represented as Eq. (8), as follows: (8) where L s is the stack height and N L is the least common multiple of N p and N s .
The final cogging torque can be represented as Eq. (9) by differentiating the air-gap energy obtained from Eq. (8) according to Eq. (1) with a rotation angle of the rotor [10, 11] . (9) According to Eq. (9), the cogging torque is determined from the values of and . Here, when a notch is applied to the stator teeth, the shape of the relative air-gap function begins to change, and the N L value changes with the number of valid slots (sum of numbers of actual slots and notches). In addition, the notch can use more than two notches if the stator shoe width has a sufficient gap. If the air-gap permeance function assumes that a part of the applied notch is 0, Eq. (10) also can also be calculated through a Fourier series expansion based on the permeance function, as shown in Fig. 1(a) , such that the harmonics term of the air-gap permeance Fourier coefficient changes and the harmonics term increases due to the influence of the notch. In addition, the frequency of harmonics increases and the size decreases, which eventually reduces the cogging torque [9] . If the permeance function of the air-gap assumes that the part that applied the notch qual to 0, it can gain the shape shown in Fig. 2 , which can be represented as Eq. (10) through a Fourier series expansion of the relative permeance function. If the stator teeth design such that the harmonics term of the air-gap permeance, Fourier coefficient changes and the harmonics term increases due to the influence of the notch, the frequency of harmonics increases and the size decreases eventually resulting in a decrease in cogging torque. Therefore, if teeth size is constant, notch size and notch position can be as dominant parameters for reducing cogging torque as Eq. (10). (10) where, a is teeth size, b is notch size and c is notch position.
Novel Cogging Torque Reduction Method
A general single-phase BLDC motor can cause the failure of a trial run because its rotor is arranged where torque is not generated. Therefore, the rotor needs to be arranged where the torque can be generated by the asymmetric shape of the stator.
Concept of Cogging Torque Reduction Method for single-phase BLDC Motor
BLDC motors with a permanent-magnet inevitably show a cogging torque because of the changes caused by the permanent-magnet of the rotor and the magnetic force of the stator core. Eq. (1) shows the cogging torque. From Eq. (1), the rate of change in the magnetic force should be minimized to reduce the cogging torque as much as possible. The magnetic energy is determined by B and G, as expressed in Eq. (5). In the case of a single-phase BLDC motor with an asymmetric air-gap as shown in Fig. 3(a) , B and G are asymmetric according to the rotation of the rotor.
In case of adopting notch for tapered-teeth, the application of an asymmetric notch position and size to the teeth is required as the dominant parameters as like Eq. (10) for reducing cogging torque for the single-phase BLDC motor.
FEA is suitable to accurately predict the cogging torque of the single-phase BLDC motor with an asymmetric airgap. Parametric analysis using FEA was performed to determine the optimal size and position of the asymmetric notches to reduce the cogging torque. Therefore, the size and position of the asymmetric notch applied to taperedteeth are proposed, as shown in Fig. 3(b) . Table 1 lists the specifications of the proposed single-phase BLDC motor. Fig. 4 shows the size and position angle variation of the notch. We are adopted two notches because it is easy to predict trends of cogging torque variation according to different position angle and size of the notch. Parametric analysis was performed to determine the optimal size and position of the asymmetric notch to reduce the cogging torque using FEA. [mNm], respectively. The cogging torque reduction ratio of the proposed model was approximately 28.2% compared to the initial model from FEA. Fig. 9 shows the magnetic flux distributions of the initial and proposed model.
Experimental Results
Fig . 10 presents the manufactured stators of the initial and proposed model and rotor for the experiment. The properties of the proposed cogging torque reduction method were verified experimentally. Fig. 11 shows the test equipment used to measure the cogging torque. The cogging torque meter with a 0.001% RPM accuracy was made by SUGAWARA in Japan. A sound quality experiment under the ventilation system was also performed for the initial and proposed model. Fig. 13 shows the experimental sets for the sound noise 
Conclusion
This paper examined the stator shape of a motor stator and developed a method to reduce the cogging torque. This method produced a 28% and 10% decrease in cogging torque and sound noise, respectively, compared to that obtained using the initial model. The experimental results of the cogging torque confirmed the FEA results. This method is considered to be a good alternative for reducing the cogging torque of single-phase brushless motors. 
